Adsorption of monovalent and multivalent cat-and anions on a deoxyribose nucleic acid (DNA) molecule from a salt solution is investigated by computer simulation. The ions are modelled as charged hard spheres, the DNA molecule as a point charge pattern following the double-helical phosphate strands. The geometrical shape of the DNA molecules is modelled on different levels ranging from a simple cylindrical shape to structured models which include the major and minor grooves between the phosphate strands. The densities of the ions adsorbed on the phosphate strands, in the major and in the minor grooves are calculated. First, we find that the adsorption pattern on the DNA surface depends strongly on its geometrical shape: counterions adsorb preferentially along the phosphate strands for a cylindrical model shape, but in the minor groove for a geometrically structured model. Second, we find that an addition of monovalent salt ions results in an increase of the charge density in the minor groove while the total charge density of ions adsorbed in the major groove stays unchanged. The adsorbed ion densities are highly structured along the minor groove while they are almost smeared along the major groove. Furthermore, for a fixed amount of added salt, the major groove cationic charge is independent on the counterion valency. For increasing salt concentration the major groove is neutralized while the total charge adsorbed in the minor groove is constant. DNA overcharging is detected for multivalent salt. Simulations for a larger ion radii, which mimic the effect of the ion hydration, indicate an increased adsorbtion of cations in the major groove.
I. INTRODUCTION
In addition to its biological role as the carrier of genetic information [1] , deoxyribose nucleic acid (DNA) in solution exhibits typical polyelectrolyte behavior. Its physico-chemical properties, such as melting temperature, transition between different DNA forms, binding interaction of proteins and other ligands, strongly depend on the added salt concentration in aqueous solution. Some physical properties of DNA, such as its osmotic pressure and activity coefficients [2] , can be explained within a simple polyelectrolyte picture of DNA as obtained via counterion condensation theory of Manning [3] , Poisson-Boltzmann (PB) theory [4] [5] [6] [7] and Monte Carlo simulations [4, [8] [9] [10] [11] [12] ] of a homogeneously charged cylinder. Although a cylinder with an effective homogeneous line charge density might be an appropriate model for studying properties far away from the DNA surface, more details are getting relevant if one approaches the DNA surface. These details can be classified in the following way: first the actual charge distribution along the DNA molecule is not a homogeneous line charge but a discrete set of phosphate charge groups along a double helix. Next, the geometric shape of the DNA including the major and minor grooves between the two phosphate strands is getting relevant. Finally, molecular details of the DNA surface should be considered including specific interactions and explicit solvent molecules.
The PB calculations have been successfully applied to investigate the DNA electrostatics, such as the electrostatic field of double-helix charge distribution [13] and of all-atom DNA models [14, 15] . The comparison between the simulation and PB results for the multivalent counterion distribution around DNA, addressed in Refs. [4, 10, [15] [16] [17] , reveals great differences between them. The reason for such differences is the lack of the hard core and Coulomb correlations in mean-field based PB theory. On the other hand, an all-atom DNA simulations in solution is computationally very costly and can be performed only with small system sizes and low salt concentrations [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Therefore we focus in this paper on a "primitive approach" [29] which goes beyond the simplistic model of a line-charged cylinder but still does not include full atomic details. The physical reason to do so is that most of the general properties of DNA are expected to result from a combination of Coulomb and excluded volume interactions which are the most dominating parts of the total interactions for long and short ranges [30] . Following this strategy, we disregard the discrete structure of water replacing it by a dielectric background, but treat the salt ions, the double-helical charge pattern on the DNA molecule and the geometrical grooved shape of the DNA molecule explicitly.
This paper focuses on the cat-and anion adsorption pattern on the DNA surface. In particular, in contrast to earlier simulations which only present rotationally averaged data for adsorbed ions [19, [31] [32] [33] [34] [35] [36] , we resolve the adsorption in the major and minor grooves and on the phosphate strands. Both a qualitative and a quantitative knowledge of the adsorption pattern is desirable, since it is needed as a crucial input in other more coarsegrained approaches like the Kornyshev-Leikin (KL) theory of DNA-DNA interaction [37] . It is known that the details of the adsorption pattern strongly influence the effective interaction forces and even governing the sign of the interaction. Hence the adsorption pattern will have direct consequences for aggregation and bundling of DNA molecules caused by an effective mutual attraction [38] [39] [40] . It is also known that adding multivalent ions to the solution causes drastic changes in the ion adsorption and in the DNA aggregation and bundling [41] [42] [43] . Many experimental facts have been collected regarding the adsorption of multivalent ions on the DNA. To name just a few, there is experimental evidence indicating that Mn 2+ and Cd 2+ condense on DNA [44, 45] but Ca 2+ or Mg 2+ do not [45, 46] . This points to an important specificity [47] [48] [49] [50] [51] and the question arising is whether this can be understood in simple terms of effective ion radii. Multivalent counterions of valency larger than 2, on the other hand, such as trivalent spermidine (Spd) and tetravalent spermine (Spm) are believed to play a key role in maintaining cellular DNA in a compact state [52] [53] [54] [55] . The compactification of DNA [39, 40] seems to be mediated by their adsorption on the DNA surface [39, 56, 57] . Therefore there is a need to study the role of high-valency counterions in the DNA adsorption pattern in a systematic way.
While the Manning condensation theory on a homogeneously charged cylinder is wellstudied by now [58] , it is a priori unclear how the adsorbed counterions will partition themselves in the two grooves and on the phosphate strands. Moreover, the adsorption of anions, which carry the same charge as the phosphates, in the major grooves is an interesting issue, in particular for higher counterion valencies.
The goal of this paper is twofold: first, we aim to predict both qualitatively and quantitatively the nature of the adsorption pattern on a single DNA molecule for a given added salt concentration, given microion valencies and microion radii. Ion-specific effects, however, only enter via the ion sphere radius and its charge. Although the actual numbers may be influenced by further details such as the dielectric properties of water at close ion distances, we think that the trends of our findings upon a change in ion valency and salt concentration will be robust. In particular for high valency ions, the interactions should be dominated by the Coulombic part such that our "primitive" model should be more appropriate. Second, on a more technical level, we would like to investigate the influence of the geometrical structure of the DNA shape used in the theoretical model of the adsorption pattern. It is expected that a grooved shape will attract more counterions into the grooves electrostatically such that the adsorption pattern will depend on the geometrical shape used in the model.
In our computer simulations we find that the adsorption pattern on the DNA surface depends strongly on the geometrical model shape of the DNA surface. In detail three different shapes, modelling the geometrical structure of the grooves on different levels, are considered. It is found that counterions adsorb preferentially along the phosphate strands for a cylindrical model shape but in the minor groove for a geometrically structured model. Furthermore, we find that an addition of more monovalent salt ions, provided the counterions are also monovalent, results in an increase of the charge density in the minor groove, while the total charge density of ions adsorbed in the major groove stays unchanged. The adsorbed ion densities are highly structured along the minor groove while they are almost smeared along the major groove.
We also analyze the influence of the ion valency on the ion adsorption pattern on the DNA surface. We show that for any fixed amount of salt the major groove cationic charge is constant for any counterion valency. For added multivalent salt, we show the existence of a major groove neutralization phenomena while the minor groove total charge remains constant.
We also address the DNA overcharging phenomenon, which is of special interest in biology, for example, for the delivery of genes to the living cell for the purpose of the gene therapy. Since both the bare DNA and cell surface are negatively charged, normally DNA does not approach cell surface. An overscreened DNA molecules, however, is effectively positively charged such that it could pass through the negative cell membrane. Our simulations show that the overcharging of DNA appears generally in multivalent salt solution regardless the counterion valency. Finally we have performed a few simulations with larger ion radii in order to mimic a larger ion hydration shell in the solvent. Our findings show that for an increasing ion radius more cations go to the major groove whereas the minor groove and strand ionic occupations shrink.
The paper is organized as follows: In section II we discuss different models for the DNA shape. Our simulation technique and model parameters are presented in section III. Results are given in section IV. Finally we conclude in section V.
II. DIFFERENT MODELS FOR THE DNA SHAPE
We consider the B-form of DNA which is the most common state of DNA in aqueous solutions. It has an inner core formed by nucleotide pairs, and two sugar-phosphate strands spiraling around the core. The latter forms a well-known double helix with a pitch length of about 34Å and a core radius of about 9Å. There are two phosphate groups per base pair, and 10 base pairs per pitch (or helical turn). The axial rise per base pair along the DNA long axis is 3.4Å , hence there is one elementary charge per each 1.7Å. The average value of the angle between the adjacent base pairs is 36 0 which makes the average distance between neighboring charges on the DNA surface to be 7Å. This distance, which is much smaller than the helical pitch, is of the order of the Debye screening length under physical conditions. Finally the helix persistence length is about 500Å.
Three different models for the DNA shape will be studied here: i) a simple cylinder model (CM), ii) an extended cylinder model (ECM) with a grooved structure and iii) the MontoroAbascal model (MAM) [33] . The cross sections of these DNA models in the xy plane that is perpendicular to the DNA long axis (z-axis) and hits two phosphates on different strands are sketched in Figure 1 and will be discussed subsequently: in all three models the phosphate charges are discretely placed at certain positions coincident with those of the phosphorus atoms in crystalline DNA. i) Cylindrical model (CM), see Figure 1a : This model was used by Kornyshev and Leikin [37] and by two of us in another study [59] . In the CM, the cylindrical DNA core possesses a diameter of D=20Å. Two strings of point-like and monovalent phosphate charges of size [31] , both the helical DNA grooves and the discrete charge localization on the DNA surface are incorporated. In the ECM, the DNA molecule has a hard cylindrical core of diameter D=17.8Å, which is slightly smaller than in the CM. The phosphate charges are swollen up to hard sphere of diameter d p =4.2Å explicitly forming grooves. Other DNA parameters are similar to the CM.
iii) Montoro-Abascal model (MAM), see Figure 1c : This more elaborate model was first introduced in Ref. [33] where the grooved structure of DNA is increased by adding another neutral sphere between the cylindrical core and the charged phosphate sphere. In detail, the inner DNA cylindrical core of D=7.8Å is overwinded by two strings of overlapping spheres. The outer string of monovalently charged phosphate spheres are centered at a radial coordinate of 8.9Å. The radial position of inner string of neutral spheres is 5.9Å. Both spheres have the same φ and z coordinates and diameter d p =4.2Å to incorporate a grooved geometry for the DNA molecule. Clearly, such a design of an overlapped cylinder and two spheres creates a more grooved DNA profile with a deeper cavity in the center of the minor groove. For other details of the MAM and its reliability, we reference the reader to the original papers [33] [34] [35] .
III. SIMULATION TECHNIQUE AND SYSTEM PARAMETERS
In our simulation set-up, the B-DNA molecule is located in the center of a cubic simulation box. The cylinder axis is parallel to the z-axis and crosses the xy plane at position R (L/2, L/2, 0). The size L of the simulation box was chosen to be L = 102Å, corresponding to three full turns of B-DNA with a pitch length P =34Å and with N p = 3 × 20 = 60 phosphate groups along the DNA [34] . There is a small shift in the z-coordinate of two discrete phosphate charges belonging to two different helices of ∆z=0.78Å.
Periodic boundary conditions are applied in all three directions, hence the DNA replicas in the z-direction produce an infinitely long DNA molecule, and an infinite array of DNA replicas in neighboring cells is simulated. The phosphate spheres are monovalent, i.e. their charge q p < 0 corresponds to one elementary charge |e|, q p = −|e|, and they have an effective diameter d p which is a variable parameter in our different shape models. In addition to the DNA phosphates, the system contains N c counterions with charge q c , and N s ≡ N + ≡ N − pairs of salt ions of concentration C s = N s /V ′ with charges q + and q − . Here V ′ is the free volume in the simulation box accessible for these small ions, where the excluded volume of the DNA molecule has been subtracted. The counterion number N c in the simulation box is fixed by the charge of the DNA molecule due to the constraint of global charge neutrality, N c q c = 60|q p |. For simplicity, we shall always deal with a symmetric salt case, |q + | = |q − |. All small ions are modelled as hard spheres of (hydrated ion) diameter d c . For most of our simulations, d c =3Å, but we have obtained data for larger ion sizes d c =6Å and d c =8Å as well. The whole system is held at room temperature T = 298K. The dielectric constant ǫ = 78 of the solvent is assumed to be uniform throughout the suspension (same value inside the DNA molecule and in the suspending medium), which avoids electrostatic images.
The interactions between the mobile ions and the phosphate charges are described within the framework of the primitive model as a combination of excluded volume and Coulomb interactions reduced by the dielectric constant ǫ of the solvent. The corresponding pair interaction potential between the different charged hard spheres is
where r is the inter-particle separation and i, j are indices denoting the different particle species. Possible values for i and j are c (for counterions), +, − (for positively and nega-tively charged salt ions), and p (for phosphate groups). In addition, there is an interaction potential V 0 i between the DNA hard cylinder and the free ions i = c, +, − which is of simple excluded volume form such that these ions cannot penetrate into the cylinder. Similar excluded volume potential exist for the inner neutral DNA spheres in the elaborated MAM. Finally, the ionic strength I and the Debye screening length λ D of the solution are defined
. In order to compute the statistical averages over the mobile microions, we have performed conventional NV T molecular dynamics simulations, where the long-range electrostatic forces were treated according to the Lekner procedure [59, 60] . A typical simulation snapshot of the system is given in Figure 2 .
Our major goal is to calculate the mobile ion number densities ρ j ( r) (j = c, +, −) around the DNA molecule. They are defined as a statistical average,
Here { r j i } denote the positions of the ith particle of species j. The canonical average < ... > over an { r j i }-dependent quantity A is defined via the classical trace
Here β = 1/k B T is the inverse thermal energy (k B denoting Boltzmann's constant) and
is the total potential energy of the counter-and salt ions provided the phosphate groups are at positions { r p n } (n = 1, ..., N p ). Note that the periodically repeated particles are incorporated implicitly in the interaction energy. Finally the prefactor 1/Z in Eq.(3) ensures a correct normalization, < 1 >= 1.
In computer simulations and different theoretical approaches the distance below which the ions are considered to be condensed is usually assumed to be in the range of one or two water molecule diameters. Thus the width of the condensation shell near the DNA surface is around 7Å in Manning theory [3] , whereas a value of 5Å was invoked in other papers [19, 31, 61, 62] . These values are larger than the thickness of the Stern layer d l = A/4πλ B =2Å including ions bound to the molecular surface. Here λ B = e 2 /ǫk B T is the Bjerrum length and A is an average area per elementary charge on the molecular surface. In our study we follow the latter criterion and treat the ions as condensed if the surface-to-surface distance between the ion sphere and the DNA hard surface is not larger than 2Å. In other words, we are interested in the population in special areas of the DNA surface by small ions rather than the actual ion condensation on the DNA surface [63] . In order to resolve the adsorbed ions along the strands and in the major and minor grooves, we integrate the ion density fields as given by Eqn.(2) over a small volume close to the DNA surface. This volume is bounded by the parallel surface to the DNA surface at distance δ =2Å+d c /2 and has a height ξ in z-direction. The volume follows the helical symmetry of the DNA molecule. A schematic view of this condensation shell and the definition of the groove and strand adsorption paths around the DNA are given in Figure 3 . We have separately counted cations, that comprise of counterions and positively charged salt ions, and anions (coions). The angular-resolved cation and anion density profiles along the phosphate strands and the minor and major grooves represent the main results of this paper. We call a plot of the densities versus polar angle a "panoramic" view of the density profiles and shall present exhaustive data for these quantities for different parameters in the next section. Additionally we define the charge densities of adsorbed ions by ρ (+) = j=c,+ q j ρ (j) c and ρ
c , where
are the number densities of the adsorbed ions of species j ∈ {c, +, −}.
Our molecular dynamics simulations cover a broad range of salt concentrations from 0.1Mol/l to 1.61 Mol/l, where the latter corresponds to 2000 salt ions of both charges in the simulation box. Details of the simulated states are summarized in Table I . During the simulation we checked that there was a continious exchange of the adsorbed and free ions, which demonstrates that our systems are in equilibrium.
IV. RESULTS

A. Monovalent ions
Let us first discuss monovalent ions. For the extended cylindrical model (ECM), a panoramic angular cat-and anion distribution over 0 < φ < 2π is plotted in Figure 4 for the system parameters q c = 1, q s = 1 (Set 1 of Table I ) and C s = 0.1Mol/l. The cations cluster in front of the charged phosphates, almost in a site-binding like manner [32] [33] [34] [35] , showing a strong structuring, while the minor-groove cation density is less structured. The smallest cation density is in the major groove. The anion densities in the DNA grooves and on the phosphate strands are considerably smaller and not structured at all. The major groove population of anions is higher than that in the minor groove and on the strands. The same quantities are shown for the cylinder model (CM) and the Montoro-Abascal model (MAM) in Figures 5 and 6 respectively. As compared to the ECM, an increase of condensed cations along the phosphate strands at the expense of their accumulation in the minor and major grooves is clearly visible for the CM. In the most realistic MAM, however, more cations bind and locate in the DNA grooves [64, 65] at the expense of their accumulations on strands. Such an ion relocation from the strands into the grooves entails an entropy gain for salt ions. In the MAM the population of condensed cations along the strands is less by a factor of two as compared to the structured minor groove density. Our conclusion arising from Figures 4, 5, and 6 is twofold: first, on a technical level, the inclusion of a grooved shape in the excluded volume of the DNA molecule is crucial for ion adsorption. It completely changes the charge and structure of the adsorption pattern. Second, taking the MAM as the most realistic description of the DNA shape, we can conclude that adsorbed cations exhibit a pronounced spatial structure along the minor groove. This strong structuring of cations in the minor groove will induce also a structuring of the water molecules in the minor groove and might therefore be related to the so-called "spine of hydration in the minor groove" which is attributed to a high water ordering there [18, [66] [67] [68] [69] [70] . In general, the spine of hydration emerges due to the occasional intruding of counterions to the particularly electro-negative regions in the minor groove [71] and is addressed in Refs. [26, 34, 48, 49, 69, [72] [73] [74] . We think that the experimentally measured hydration pattern can be a fingerprint of cation ordering in the minor groove [68, 75, 76] .
The dependence of the adsorption pattern on the salt concentration is shown in Figure  7 . The added monovalent salt concentration C s is increased from 0.2 Mol/l to 1.61 Mol/l for q c = 1, q s = 1 (Set 1). The highest cationic occupation is again in the minor groove but more anions condense in the major groove as the salt density is increased [35] . The total major groove charge, calculated as a difference between the cation (dashed line) and anion (dashed line with symbols) densities in the major groove, is almost independent of the amount of added salt, see the single arrows in Figure 7 . In other words, for any monovalent salt density the geometry of major groove and the electrostatic field of the two adjacent phosphate strands regulate the cation and anion populations and keep the major groove charge unchanged. On the other hand, the minor groove is positively charged as the bulk salt density increases, see the difference between the full line and the full line with symbols for different salt densities in Figure 7 . The visible cation structuring in the major groove at dense salt, see the right side of Figure 7 , is consistent with the experimental evidence for recurring hydration patterns in the major groove [74, 77, 78] . The other observation is a constancy of the gap between the minor and the major groove cationic occupancies shown in Figure 7 by the double arrows for different salt densities. Obviously in solutions, where the DNA phosphate charges are effectively screened out, it is the osmotic pressure of salt that pushes ions close to the DNA surface. We note that the constancy of the accumulated charge in the major groove and the constancy of the difference between cationic populations of major and minor grooves do not appear in the ECM and CM.
We finally remark that throughout all runs it was revealed that, a distance 5Å -7Å away from the DNA surface a cylindrical symmetry of radial ion distribution is completely restored in accordance with observations of Refs. [31, 34, 36, 79] . Thus the effect of discreteness of DNA charges on counterion concentration profile is generally small and dwindles a few angstroms away from the DNA surface [80, 81] .
B. Multivalent counterions and monovalent salt
We now consider the case of multivalent counterions and a monovalent salt, for which the Coulomb correlations between the counterions and the DNA phosphates are strong. We keep the salt concentration fixed and increase the counterion valency. This leads to a higher on-strand adsorption of couterions which implies less condensation in the minor and major groove, see Figures 8a. Also for high counterion valencies, the cation adsorption on the minor groove is higher than that on the major groove in accordance with Ref. [82] . The same trends appear also in the ECM and in the CM.
Furthermore, for increasing counterion valency, Figure 8b reveales that the total adsorbed charge in the major groove is almost constant while it is getting more positive in the minor groove. The increase of the adsorbed cations in the minor groove causes a visible spatial structuring along the minor groove, see the surging oscillations in Figures 8a and 8b . Again, such an ion structuring is perhaps connected to the experimentally observed spine of hydration. Note that the number of adsorbed ions in the major groove drastically decreases in the CM and ECM for higher counterion valencies, which reaffirms the crucial role of the modelling of the DNA shape.
C. Multivalent counterions and multivalent salt
For fixed divalent salt concentration and increasing counterion valency, similar results are obtained as shown in Figure 9 . The number of adsorbed cations decreases in the grooves, see Figure 9a , the total charge in the major groove stays constant (very close to its value in Figure 8b ) while it is rising slightly in the minor groove, see Figure 9b . Hence we conclude that total major groove charge is independent of valencies of both cations and anions.
We now increase gradually the amount of added divalent salt. The in-groove ion distributions are shown in Figure 10 for three different salt concentrations. There are two remarkable effects for increasing salt concentration: first the total charge of ions adsorbed in the major groove is approaching zero, i.e. the major groove is neutralized for high salt concentration. Second, the total charge in the minor groove is pretty robust against an increase in salt concentration, see the length of the arrows in Figure 10 . The effect of major groove neutralization are lost if a less realistic DNA shape is used as shown in Figure 11 for the CM and the ECM.
In Figure 12 , the ion densities adsorbed on the strands are shown for trivalent counterions as a function of divalent salt concentration. The total charge adsorbed along the strands increases with added salt concentration. Togther with the constancy of the minor groove and the neutralization of the major groove this produces an overcharging effect of the DNA which is discussed in the next subsection.
D. Overcharging effect
Charge inversion (also known as an overcharging, overneutralization or charge reversal) is possible for a variety of macroions, ranging from the charged surface, charged lipid membranes to colloids, DNA and actin. It is believed that for this effect to occur, the cations have to be multivalent to enhance the nonlinear effects, such as Coulomb correlations. Thus, in the presence of multivalent ions, the ionic cloud may not only compensate the polyion charge, but even exceed it, resulting in opposite values of the electrostatic potential at some distances. Overcharging has been observed in Monte-Carlo simulation [10, [83] [84] [85] , HNC calculations [86] [87] [88] and modified PB theories with nonlinear correlations included [89] [90] [91] . In detail, we consider a "physical" overcharging [35, 92] , when the sign of total charge of the complex of macroion and small ions, which are localized in a thin shell around the macroion, is opposite to the sign of bare macroion charge. Our definition of overcharging differs therefore from the counterion or so-called Z-ion induced "structural" overcharging [93] [94] [95] [96] [97] [98] which does not account for the adsorbed salt ions and disappears as more salt is added to solution [99] .
During the simulations the charge compensation parameter of DNA phosphate charges, defined as
was calculated. Here N p = 60 is the number of phosphate charges in the simulation box. The parameter θ(r) accounts for the integrated total charge at distance r away from the DNA surface and has the following physical meaning. For θ(r) < 1, the DNA molecule is seen as a negatively charged rod at distance r from its surface. Otherwise, if θ(r) > 1, the effective DNA charge at distance r from its surface is positive. Data for θ are plotted in Figure 13 for the MAM and different salt densities. The denser the salt, the stronger the DNA screening. A qualitatively similar picture to Figure 13 appears for the ECM and CM and different counterion valencies. There is no DNA overcharging in a solution of monovalent salt and multivalent counterions, see the left-hand side of Figure 13 . For divalent salt,which is shown in the right-hand side of Figure 13 , and low salt densities the compensation parameter is monotonic, resembling the monovalent salt case. However for dense salt θ > 1 in the DNA vicinity. At the highest salt density involved in our simulations, C s =1.61 Mol/l, there are even several subsequent overcharging layers: within the layer closest to DNA surface the effective charge is positive, then within the second layer the effective DNA charge is negative, and finally within the third layer the effective charge becomes again positive, see the full line in the right-hand side of Figure 13 . We mention that similar overcharging pictures are obtained for the divalent and trivalent counterions in solution with a divalent salt. Thus, summarizing the results of Figure 13 we arrive at the conclusion that it is rather the multivalency of salt ions, than the multivalency of counterions which governs DNA overcharging. Our simulations also show that an overcharging with divalent salt in the CM pops up only for multivalent counterions.
E. Varying the ion radius
The ion size has the meaning of a hydrated ion diameter and is an adjustable parameter of the model that includes effects of the molecular nature of the solvent in an averaged sense. The monovalent counterions are less solvated than divalent cations, the latter condense via their solvent ligands to H-bonds on a DNA surface [100] [101] [102] . Since we omit the ion chemisorption and do not account for specific ion effects as exemplified by the Hofmeister effect [103] [104] [105] [106] , only an electrostatic interaction with the phosphate backbone is taken into account. A small change of the ion size, just in the range of the typical values of the hydrated ion diameters, may cause a transition to an attractive DNA-DNA interaction with a spontaneous assembly of DNA system into an ordered phase [41] . Therefore the hydrodynamic ion size affects the ion correlations and the ion condensation on DNA surface, which are important contributions to the electrostatic potential around the DNA molecule [107, 108] .
We vary the hydrodynamic radii of solvated ions between 3Å and 8Å [80, 109] . The simulation results for three different ion diameters, d c =3Å, 6Å, 8Å are shown in Figure  14 . The gap between the cationic groove occupations decreases as the ion radius increases. Furthermore, more cations go to the major groove whereas the minor groove and the strand ionic occupations shrink. In total, a small amount of cations and anions condense on the DNA surface. Nevertheless all qualitative findings obtained for ions with diameter d c =3Å and outlined in the previous section, retain valid for twice enlarged ion size d c =6Å. A further increase of the ionic size up to d c =8Å, however, makes the ion intrusion into the minor groove a very rare event. The major groove cationic charge then exceeds the minor groove cationic charge, see the right-hand side of Figure 14 . Thus the salt ions "physically" can not explore the full details of the elaborated DNA model. In other words, the salt ions start to "feel" the MAM shape as a less elaborated DNA model, like the ECM. Thus the simulation results for the MAM with d c =8Å qualitatively resemble the results for the ECM with d c =6Å or d c =3Å.
V. CONCLUSIONS
In this work we have studied several models of a DNA polyelectrolyte system containing a mixture of mono-and multivalent ions within the framework of a continuum dielectric approach. We have neglected the granular nature of water and concentrated only on electrostatics of the ion condensation on the DNA surface. Summarizing the results obtained, we have first shown that the small ion condensation pattern on the DNA surface strongly depends on the geometry of the DNA model used. While in the simple cylindrical model cations predominantly bind to the phosphate strands, in the more realistic Montoro-Abascal model the minor groove becomes the principal site of cationic binding. Our simulation results also indicate that the anion condensation is less sensitive to the DNA model shape. We have further investigated the occupancy and charging of DNA grooves as function of increasing cation valency.
We find that the adsorbed ion pattern change with increasing counterion valency is as follows: i) the cations leave both the major and minor grooves to the phosphate strands, ii) there are more cations in the minor groove than in the major groove exhibiting a structuring reminiscent to the spine of solvation, iii) the accumulated cationic charges in the major groove are almost independent of the counterion valency.
An increase in salt concentration leads to the following effects: for monovalent salt, i) the major groove keeps its total charge at a constant value, ii) there is a constant cationic charge asymmetry between the DNA grooves, for multivalent salt, iii) the minor groove keeps its total charge at a constant value, iv) the major groove is getting neutralized and a DNA overcharging occurs.
All these trends represent important information for the implementation of more phenomenological theories for the interaction between two DNA molecules such as the Kornyshev-Leikin theory [37] where the number of condensed ions on the phosphate strands and on the grooves is a key input quantity. As our results indicate, however, one cannot assume constant fractions of adsorbed ions when the salt concentration and/or the counterion valency is varied.
Let us finally discuss some improvements of our model which could be done step by step in a more realistic description of DNA. First we assume that the persistence length of DNA does not depend from the added salt concentration in order to fit our set up of infinitely stiff single DNA [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] . The effect of added salt on the DNA stifness can be taken into account only in simulations with finite DNA fragments. Second, refinement of the present models may account for the specific short-range ion-DNA interactions, or specific "bonding" of ions to the DNA surface, on the basis of an effective ion-ion and ion-DNA interactions [36, 122] . Such chemisorption is believed to contribute to the forceangle dependence, which could be lasted over distances larger the Debye length, 15Å-30Å [37, 123, 124] . Third, and maybe most important of all, the solvent granularity and the space-dependent dielectric constant were disregarded completely [23, 41, 72, 79, 80, [125] [126] [127] [128] [129] [130] [131] [132] [133] . Fortunately, in most applications, the dielectric discontinuity and dielectric saturation effects have canceling influences in such properties as the energy or the number of condensed ions. That is why the use of a homogeneous solvent with a constant ǫ is believed to be not as crude as it seems from the first point of view [134, 135] . Therefore we believe that the general trends found in our study will be stable with respect to a more realistic description of the solvent.
The other experimentally inspired issue is the mechanics of B-DNA which allows the minor groove to open and close to accommodate a divalent cations [100] . The work to account for this effect as well as the ion chemisorption in the major groove is an objective of future work. ACKNOWLEDGMENTS E. A. thanks R. Podgornik for fruitful discussions of some results of this paper. We thank the DFG for financial support. 
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